We report the far-infrared properties of the organic crystal DAST, a popular terahertz emitter, from 0.6 -12 THz through use of a THz spectrometer incorporating air-plasma THz generation and electro-optic (EO) sampling in a poled EO polymer. We identify absorption features at 1., 9.6 and 11.7 THz for a-axis and b-axis polarized THz radiation respectively. These results allow for more accurate prediction of the optimum crystal thickness for broadband THz emission via optical rectification and difference frequency generation.
Introduction
Recent advances in terahertz (THz) generation from air plasmas has allowed for broadband THz time-domain spectroscopy (TDS) of materials useful for THz emission and detection [1] . This new capability calls for the re-examination of materials of interest whose properties were previously studied over a very narrow band. The organic EO crystal 4-N,N-dimethylamino-4'-N'-methyl stilbazolium tosylate (DAST) has drawn attention as a THz emitter since 1992 [2] due to its large nonlinearity. A wealth of work has been conducted by the Gunter group on the nonlinear optical [3] and far-infrared properties [4] of DAST and its applicability as a THz emitter at long pump wavelengths [5] . DAST has also drawn recent interest as a tunable source of high power THz radiation spanning a very broad bandwidth using difference frequency mixing of two lasers [6] [7] [8] . Very recently, it has also been used for free-space electro-optic sampling (FSEOS) of broadband THz pulses [9] . The success of DAST as a bright, broadband THz source has led to a recent resurgence of research on organic crystalline THz emitters in general, many of which are DAST derivatives with similar chemical structures and optical properties [10] [11] [12] [13] .
The optimal use of DAST, or any other material, for THz applications requires accurate knowledge of the dielectric properties across the THz band. A previous TDS study of DAST with bandwidth up to 3 THz identified a strong absorption near 1.1 THz, which exceeded their available dynamic range [14] . A later study showed bandwidth from 1.3 -4 THz [5] , but the available dynamic range made clear identification of the absorption feature associated with the 3.1 THz feature difficult. In that study, DAST was used as the THz emitter and sensor, further complicating analysis as the absorption features present in the DAST sample will be precisely where the dynamic range is smallest. The refractive index of DAST has been recently calculated from Fourier Transform Infrared (FTIR) spectroscopy, which relies on Kramers-Kronig approximations [7] . More recently, the THz properties of DAST were estimated by modeling the THz emission from difference frequency generation (DFG) in DAST [15] . As DAST is capable of producing broadband THz radiation [8, [16] [17] [18] , precise measurements of the THz properties across a broader bandwidth is essential to determining the optimum operational parameters.
Though DAST is a monoclinic crystal of point group m with 10 non-zero electro-optic coefficients, only four are larger than 1 pm/V [3] . Typically, crystals are produced in the abplane. For light polarized along the a-or b-axis the THz emission via optical rectification (OR) will be polarized along the a-axis [16] . For this reason, it is important to know the THz refractive index along the a-axis of DAST. On the other hand, incident light with an arbitrary polarization in the ab-plane will result in a THz polarization along both the a-and the b-axis. Few studies have examined the THz properties of both crystallographic axes.
Results and discussion
We used a 150 mm focal length lens to focus 1 mJ, 45-fs, 800 nm pulses through a 100 μm thick type-I β-barium borate crystal to form a filament for air-plasma THz generation via mixing of the fundamental and second harmonic [19] . Though the precise mechanism of THz generation in ionized-air plasmas is a current subject of debate [20, 21] , air plasmas nonetheless provide bright sources of broadband THz radiation. A 100 μm thick 26 pm/V 40%-Lemke / 60%-APC poled polymer sensor [16] enabled detection of continuous bandwidth up to 12 THz without the need to form a secondary plasma for detection. THz TDS was performed on a 160 μm thick 2.5 mm x 1.8 mm DAST crystal (Rainbow Photonics) oriented such that the THz polarization was incident upon either the a-axis or the b-axis of the sample. An iris was placed directly in front of the sample and closed so that the THz radiation only sampled the DAST crystal. As a reference, the transmission through the unobstructed iris was measured [ Fig. 1(a We modeled the transmission through an optically thick monolithic sample as,
, c is the speed of light, 2 l is the thickness of the sample, and 2 () [23] . However, it is still clear that five distinct absorption bands exist in the data for the a-axis and seven for the b-axis. Despite the numerous absorption bands, the THz refractive index of the a-axis of DAST is relatively flat across the band after the large feature at 1.1 THz. The dielectric function can be modeled using a collection of Lorentz oscillators,
where EL  is the background dielectric constant, j  is the resonance frequency, j ST  describes the oscillator strength, and j  is the line width. The sum is taken over the number of resonant features, five in the case of the a-axis and seven for the b-axis of DAST.
Equation (2) is fit to the measured complex dielectric function
where c is the speed of light and α is the power absorption coefficient. To recover the index of refraction and absorption coefficient, given
, we use the relations The fit to the a-axis absorption fails to accurately represent the data at high frequencies, Fig. 2 . One possibility is that absorption features at frequencies >10 THz, which are not above the noise floor of this measurement, influence the absorption data over this range. To investigate this possibility, the bandwidth of the THz spectrometer was optimized, revealing features near 11 & 12. 3 THz, Fig. 3(a) . Unfortunately, the absorption feature near 8.4 THz far exceeded the dynamic range of our spectrometer for this case, saturating the measured absorption, Fig. 3(b) . This saturation led to a corresponding anomalous distortion of the THz phase and thus the index of refraction. However, there is excellent agreement with the previous THz measurements over the remaining frequency range. As only the data at the distortion is affected, the higher frequency refractive index data remains valid. This higher frequency data can be shifted to the values it would have assumed if not for the distortion, which will agree with previous measurements across the overlapped frequency range, and can be appended to the end of the previous measurement. The resulting composite refractive index and absorption traces, Fig. 4 , can be modeled over a broader frequency range to achieve more accurate fits. Similar methods are used to generate composite traces of the refractive index and absorption coefficient of the b-axis of DAST. The fit results are summarized in Table 1 . We identify resonances centered at 1.1, 3.1, 5.2, 7.1, 8.4, 11, and 12.3 THz for the a-axis of DAST. The resonances at 1.1 and 3.1 THz are similar in center frequency and line width to those reported by Schneider, et al. [5] The higher frequency features have previously been observed via FTIR [7] , Raman spectroscopy [24] , or in THz emission from DAST [6, 17] but the associated linewidths and indices of refraction were not given. The feature at 1.1 THz has been previously attributed to a transverse optical phonon associated with the anion-cation pair vibration [14] . Isolated, single molecule, gas phase density functional theory (DFT) models have attributed the feature at 3.1 THz to the vibration of the anion, at 5.2 THz to a vinyl C-H torsional mode on the cation, and at 12.3 THz to a phenyl ring mode [24] , but fail to predict the other absorption features. DFT models such as these have difficulty reproducing low frequency THz spectra, which are dominated by collective vibrations, since they neglect inter-molecule interactions that are present in the bulk. Modeling THz spectra remains an active area of research [25] . The similar structure of the derivatives of DAST will give them similar absorption features [10] . Though Cherenkov radiation from DAST may avoid phase matching requirements, the absorption features remain present in the emitted spectrum [18] . Estimating the THz properties of DAST by modeling its emission via DFG underestimates the effects of these absorption features [15] . Such techniques are valuable above 15 THz where TDS is difficult. We also identify resonances centered at 1.1, 1.3, 1.6, 2.2, 3, 5.2, 7.2, 9.6 and 11.7 THz for the b-axis of DAST. Only the resonances at 1.1, 1.3, and 1.6 have been previously observed [14] , though DFT models assign the 11.7 THz feature to the torsional mode of the anion methyl group [24] .
Given the optical properties of DAST [3] , and THz indices we have determined, we compute the coherence length, l c , across the band for various pump wavelengths, Fig. 5 . For Ti:Sapphire wavelengths the l c is larger for an emitter beam polarized parallel to the b-axis than the a-axis. This is unfortunate, as the nonlinearity is nearly an order of magnitude larger for a-axis emission. Though the emission could be stronger for a-axis orientation, the b-axis must be used if broad bandwidth is desired. The bandwidth over which there is good phase matching is consistent with the bandwidth seen from a 60 μm thick DAST crystal [16] . The largest component of the nonlinear susceptibility, χ 111 , can be accessed at longer wavelengths. There is good phase matching near 1300 nm for light polarized parallel to the a-axis. Unfortunately, the nonlinear susceptibility exhibits dispersion, as the linear absorption bands of DAST are near 500 nm. At longer wavelengths the nonlinearity is no longer resonantly enhanced and will be lower than at shorter wavelengths. Though the coherence length is large at these wavelengths, thick DAST crystals used as THz emitters will show numerous spectral gaps due to phonon absorption. The coherence length is consistent with the near 15 THz bandwidth reported using a 160 μm thick DAST crystal [17] . In summary, we have reported the first use of a THz spectrometer based on air-plasma THz generation and FSEOS in a poled polymer. The far infrared properties of DAST are measured from 0.6 to 12 THz, identifying multiple previously unidentified phonon bands and showing their effect on THz emission. Our results are consistent with recent published FTIR spectra [7] and broadband THz emission spectra from DAST [17] , and can be used to guide future THz applications.
